A universal algorithm for fast and automated charge state deconvolution of electrospray mass-to-charge ratio spectra  by Zhang, Zhongqi & Marshall, Alan G.
A Universal Algorithm for Fast and Automated 
Charge State Deconvolution of Electrospray 
Mass-to-Charge Ratio Spectra 
Zhongqi Zhang and Alan G. Marshall* 
Center for Interdisciplinary Magnetic Resonance, National High Magnetic Field Laboratory, Florida State 
University, Tallahassee, Florida, USA 
This article describes a new algorithm for charge state determination and deconvolution of
electrospray ionization (ESI) mass-to-charge ratio spectra. The algorithm (ZscORE) is based on 
a charge scoring scheme that incorporates all above-threshold members of a family of charge 
states or isotopic omponents, and deconvolves both low- and high-resolution mass-to-charge 
ratio spectra, with or without a peak list (stick plot). A scoring weight factor, log (I/Io), in 
which I is the signal magnitude at a calculated mass-to-charge ratio, and I0 is the signal 
threshold near that mass-to-charge ratio, was used in most cases. For high-resolution 
mass-to-charge ratio spectra in which all isotopic peaks are resolved, the algorithm can 
deconvolve overlapped isotopic multiplets of the same or different charge state. Compared to 
other deconvolution techniques, the algorithm is robust, rapid, and fully automated (i.e., no 
user input during the deconvolution process). It eliminates artifact peaks without introducing 
peak distortions. Its performance is demonstrated for experimental ESI Fourier transform ion 
cyclotron resonance mass-to-charge ratio spectra (both low and high resolution). Charge state 
deconvolution to yield a "zero-charge" mass spectrum should prove particularly useful for 
interpreting spectra of complex mixtures, identifying contaminants, noncovalent adducts, 
fragments (N-terminal, C-terminal, internal), and chemical modifications of electrosprayed 
biomacromolecules. (J Am Soc Mass Spectrom 1998, 9, 225-233) © 1998 American Society 
for Mass Spectrometry 
E lectrospray ionization (ESI) greatly extends the 
capability of mass spectrometry for measuring 
the masses of large molecules by producing mul- 
tiply charged ions, thereby decreasing the mass-to- 
charge ratio for facilitated detection by most mass 
analyzers [1-5]. However, the multiple charging com- 
plicates mass spectral interpretation because the charge 
state of each ion must be assigned to enable determina- 
tion of ion mass, and ions of a given mass typically 
exhibit several charge states. 
For a low-resolution mass-to-charge ratio spectrum 
(i.e., adjacent members of an isotopic multiplet are 
unresolved) containing only a few multiply charged 
species, the charge of each ion may be derived from the 
mass-to-charge ratio values of ions of the same un- 
charged mass but different charge [6]. However, for 
more complex spectra (e.g., many components or frag- 
ments), charge state deconvolution by this simple algo- 
rithm is difficult. Mann et al.'s least-squares based 
charge state deconvolution algorithm [7] as well as 
Labowsky et al.'s three-dimensional deconvolution al- 
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gorithm [8] have been shown to deconvolve spectra of 
complex mixtures, but their algorithms can generate 
artifact peaks. Reinhold and Reinhold [9] improved that 
algorithm by using a maximum-entropy based decon- 
volution algorithm that greatly reduced the artifact 
peaks, and Hagen and Momlig used a multiplicative 
correlation algorithm [10] to extract molecular weight 
information from spectra with poor signal to noise ratio, 
but at the cost of significant peak distortion and unre- 
liable ion relative abundances. A maximum-entropy 
method [11, 12] has been proposed h)r charge state 
deconvolution of ESI spectra of complex mixtures, but 
that algorithm is very time consuming. A strong need 
therefore remains for a rapid and fully automated 
(user-independent) charge state deconvolution algo- 
rithm for processing ESI mass-to-charge ratio spectra 
from complex mixtures and/or for processing large 
numbers of ESI mass-to-charge ratio spectra such as 
from LC/MS, which typically generates hundreds of 
mass-to-charge ratio spectra for which manual charge 
state assignment (even if feasible for individual spectra) 
would be unacceptably tedious. 
For a complex mixture, a high-resolution ESI mass- 
to-charge ratio spectrum (i.e., resolved isotopic peaks) is 
necessary for assignment of charge states: the charge 
state of an ion may be derived simply from the spacing 
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between adjacent isotopic peaks in the isotopic multip- 
let for a given charge state [13]. Fourier-transform ion 
cyclotron resonance mass spectrometry (FT-ICR MS) is 
presently the only mass analysis method that can re- 
solve isotopic multiplets for ions of very large mass (up 
to 110 kDa) and charge (<100 elementary charges per 
ion) [5, 14, 15]. Senko et al. have presented algorithms 
for automated assignment of charge states in ESl FT- 
ICR mass-to-charge ratio spectra, based on pattern 
recogniton techniques [16]. Those techniques work 
well even at relatively low signal level or resolving 
power. However, those techniques require processing 
of isotoFic distributions one by one, and transformation 
from a mass-to-charge ratio domain spectrum to a 
zero-charge spectrum can be problematic when two or 
more isotopic multiplets overlap. Automated comput- 
erized charge state determination is further complicated 
by the effects of spectral noise. Moreover, for ions of 
high charge state, the charge state determined from the 
reciprocal of the separation between adjacent isotopic 
peaks alone may be inaccurate [i.e., 1/z and 1/(z + 1) 
differ ordy slightly]. 
Here, we present a simple, fast, and fully automated 
algorithm (ZscoRE) and computer software for routine 
charge state determination and spectral deconvolution, 
for either high or low resolution mass-to-charge ratio 
spectra, to yield unambiguous zero-charge mass spec- 
tra. Our approach is based on weighted counting 
("scoring") of the members of a set of charge states of 
ions of the same mass (low-resolutiorl mass-to-charge 
ratio spectra) or weighted counting of a set of isotopic 
ions of the same mass and charge state (high-resolution 
mass-to-charge ratio spectra). Although we propose 
particular weighting factors, the method can accommo- 
date other choices of weighting factors. Experimental 
examples are provided, and advantages and disadvan- 
tages of the new method are discussed. 
Methods 
The ZSCORE Algorithm 
The simple algorithm described in this article is based on 
a charge (z) scoring scheme (ZscoRE). Figure 1 describes 
the general ZSCORE algorithm, which operates as follows. 
(1) From the experimental mass-to-charge ratio 
spectrum, find the most abundant unprocessed peak, h, 
whose magnitude lies above a specified threshold. The 
threshoM can either be user defined or calculated 
automat:~cally. Determine the maximum possible charge 
state of h. The maximum possible charge state, z...... can 
be calculated from the spacing between h and its 
nearest-neighbor peak in a high-resolution spectrum, or 
calculated from a user-defined maximum mass in a 
low-resolution spectrum. Note that a user-defined 
threshoM or maximum mass reduces the computation 
time. In any case, the accuracy of the deconvolution 
does not depend strongly on these parameters. 
(2) Assign a score for each possible charge state (z - 
ZScore General Algorithm 
Find highest*a¢oundance unprocessed 
D spectral peak (h); determine its maximum 
possible charge state 
For each possible charge state (z), assign a 
score by a particular charge scoring system 
--1 
Assign highest-scoring charge / 
slate as correct .J 
Find isotope multiplet of h; transforn'i--~ 
each peak in multiplet le "zero-charge" I 
mass domain, and add each amplitude I 
to prier amplitude at same mass ___J 
~~ ,enete transformed peak(s) ts "processed" and remove 
from original spectrum 
Figure 1. Outl ine of the ZSCORE algorithm 
ionization mass spectral deconvolution. 
f~ ~r eIectrospray 
1, 2 , . . . ,  z ...... ) according to an appropriate charge 
scoring scheme. Various charge scoring systems were 
used for different situations as described below. 
(3) The charge state of the peak is determined as the 
charge state with the highest score. 
(4) Find the rest of the isotopic family members for 
tr. For a high-resolution spectrum, the isotopic peaks 
can he found from the spacing between peaks calcu- 
lated from the determined charge state. For a low- 
resolution spectrum, the isotopic distribution can be 
determined by a suitable peak-finding routine. Trans- 
form the peaks in the isotopic family of h to the 
"zero-charge" mass spectrum (e.g., for multiply proto- 
nated species, multiply the experimental mass-to- 
charge ratio value hy the charge, z, and subtract he 
mass of z protons). (When the procedure is repeated for 
other charge states, the above value is added to that 
already located at the same mass.) 
(5) Denote the transformed peak as "processed" and 
go back to step 1 until there are no remaining peaks of 
above-threshold magnitude. Note that denoting a peak 
as "processed" removes that peak from the original 
spectrum. However. that peak is still used for charge 
determination of other peaks in the original spectrum. 
The present method is quite general in that the user 
may adapt a particular scoring (weighting) system to 
suit a particular situation. We next describe deconvolu- 
tion procedures and scoring systems for four such 
situations. 
Chaty, e State Deconvolution o]: Low-Resolution 
ESI Spectra 
For a low-resolution mass-to-charge ratio spectrum 
(unresolved isotopic peaks), the only information avail- 
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able for charge state determination is the distribution of 
charge states for ions of the same mass. A charge 
scoring system based on these relations can be devel- 
oped to deconvolve a complex ESI spectrum. A basic 
advantage of this approach over other commercial 
deconvolution software is that the charge state of a peak 
is determined by a scoring scheme based on all above- 
threshold signals in the mass-to-charge ratio spectrum 
rather than from a single pair of user-chosen peaks. The 
present algorithm is thus user independent and auto- 
matically analyzes pectra of mixtures. 
(1) From the raw mass-to-charge ratio spectrum, 
find the largest-magnitude unprocessed peak, h, whose 
magnitude xceeds a user-defined signal-to-noise ra- 
t io -we typically specify a signal-to-noise ratio thresh- 
old of 2. The maximum possible charge state, z ...... may 
then be calculated from the user-defined maximum 
mass. Again, a user-defined signal-to-noise ratio or 
maximum mass reduces the computation time. 
(2) Assume that h has a charge state of z (z = 1, 
2, • • •, z .... ). For each assumed charge state z, calculate 
the mass-to-charge ratio values of the ions with differ- 
ent charges ( i .e . , z+ l , z+2, . - .  andz -  1, z -  2 , . - . ) .  
For each calculated mass-to-charge ratio value, a score 
is added to the total score of charge z. The score is defined 
as the logarithm of the signal-to-threshold ratio at the 
calculated mass-to-cha~2ge ratio. The threshold is calcu- 
lated from the background noise level near the signal. 
Specifically, within a small mass-to-charge ratio range 
near the peak of interest, we first find the largest- 
magnitude data point, and calculate its signal-to-noise 
ratio (S/N), by treating all other data in that range as 
noise. If the S /N is higher than a user-defined S/N 
threshold, then we locate the second most abundant 
peak, evaluate its S/N, check to see if it is higher than 
the user-defined S /N  threshold, and continue until no 
peaks above the user-defined S /N threshold remain. 
We then classify all remaining data points as noise and 
the highest-magnitude ata point in that noise defines 
the threshold between oise and signal. Our reason for 
this choice of score is that a negative score is added to 
the total score if the signal level at the calculated 
mass-to-charge ratio is below the threshold, thus avoid- 
ing charge misassignment. If no assumed charge state 
has a positive-valued total score, the peak is then 
interpreted as noise and is not transferred to the "zero- 
charge" mass spectrum. 
(3) The charge state is determined as the one with 
the highest otal score. 
(4) Define the average-mass peak, h, by searching on 
both sides of h with an appropriate peak-finding rou- 
tine. Transform the signals in the peak to the "zero- 
charge" mass domain (e.g., for protonated species, multi- 
ply the mass-to-charge ratio value by the charge, z, and 
subtract he mass of z protons). Because the transformed 
data will not necessarily have been sampled at the same 
mass values as in the zero-charge spectrum, it is necessary 
to interpolate the transformed ata to provide abun- 
dances at the sampled masses in the zero-charge mass 
spectrum. The abundances at each sampled mass value 
in the zero-charge spectrum may then be added to any 
signal already present at each sampled mass. 
(5) Denote the transformed signals as "processed" 
and go back to step 1. 
Charge State Deconvolut ion of High-Resolut ion 
Low-Charge ESI  Spectra 
The algorithm described above for deconvolution of 
low-resolution spectra requires that each species have 
several charge states. If the number of charge states is 
small, or if there is peak overlap due to too many 
species in the spectrum, it becomes difficult to assign 
charge states unambiguously to all peaks. However, if 
the instrumental mass resolution is high enough to 
resolve the isotopic peaks, then the charge state of a 
given peak can be determined from the separations 
between adjacent isotopic peaks, making it possible to 
assign the charge state for all members of an isotopic 
multiplet without reference to other isotope multiplets, 
and thus extending the method to more complex spec- 
tra. The ZSCORE procedure for this situation follows. 
(1) From the raw mass-to-charge ratio spectrum, 
find the highest-magnitude unprocessed signal h that 
exceeds a specified signal-to-noise ratio threshold. The 
maximum possible charge state can be calculated from 
the separation between h and its nearest-neighbor peak. 
(2) Assume that h has a charge state of z. From the 
assumed charge state z, calculate the mass-to-charge 
ratio values for the isotopic peaks that are lighter and 
heavier thanh ( i .e . ,h+l /z ,  h~-2 /z , . . ,  andl l  - 1 /z ,  
h - 2 /z ,  . . .  ). For each calculated mass--to-charge ratio 
value, a score is added to the total score of charge z. As 
for the low-resolution charge state deconvolution, the 
score is defined as the logarithm of the sis~nal-to-threshold 
ratio at the calculated mass-to-charge nTtio value. The 
threshold level is calculated the same way as for a 
low-resolution mass spectrum (see above). 
(3) The charge state of the peak is assigned as the 
charge state with highest otal score. 
(4) Find the isotopic multiplet family of h. From the 
determined charge state, z, the mass-to-charge ratio 
values of isotopic peaks other than h are calculated. 
From these mass-to-charge ratio values, the peaks that 
span these mass-to-charge ratio values are found by an 
appropriate peak-finding routine. Transform the sig- 
nals from these isotope peaks to the (zero-charge) mass 
domain, calculate the signal levels at the sampled 
mass-domain values, and add each signal to any signal 
already present at the same mass. 
(5) Denote the transformed signals as "processed" 
and go back to step 1. 
Because the above procedure determines the charge 
state from just one isotopic multiplet, charge and mass 
may be determined even when only a single charge 
state of that species is present in the original mass-to- 
charge ratio spectrum. Moreover, because ach individ- 
ual isotopic multiplet is transformed separately, mem- 
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Figure 2. An example of charge state deconvolution of over- 
lapped isotopic multiplets in a simulated three-component high- 
resolution mass-to-charge ratio spectrum. Starting from the high- 
est-magnitude mass-to-charge ratio peak in the upper left 
spectrum, the algorithm determines its charge, then locates its 
isotopic multiplet components, transforms those components to 
the (zero-charge) mass domain (upper right), then removes the 
members of that multiplet from the original mass-to-charge ratio 
spectrum (middle left), and repeats the above steps twice more to 
locate the remaining two members of the mixture. Denoting a 
peak as 'processed" removes that peak from the original spec- 
trum. However, that peak is still used for charge determination of
other peaks in the original spectrum. 
bers of other isotope multiplets are not involved. Thus, 
this algorithm can separate overlapped isotopic multip- 
lets, as long as each of the isotope components is 
resolved. Figure 2 shows a simulated example illustrat- 
ing the deconvolution of three species with overlapping 
isotope multiplets. 
The above scoring system is suitable for determining 
relatively low charge states. For a high charge state, the 
difference in scores between some different possible 
charge states may be very small, increasing the possi- 
bility of charge misassigmnent. The highest charge state 
that can be determined by the above scoring system 
depends on the instrument resolution, signal-to-noise 
ratio, etc. For FT-ICR mass-to-charge ratio spectra of 
proteins at m/d~m~oo/o ~ 60,000 mass resolving power, 
we find that the above scoring system works reliably up 
to z ~ 20 for isotopic multiplets with a signal-to-noise 
ratio of >-3. 
Charge State Deconvolution of High-Resolution 
High-Charge ESI Spectra 
For a high-resolution mass-to-charge ratio spectrum con- 
taining highly charged ions, the charge can be scored 
according to the presence of ions having the same mass 
but different charge. This procedure is a combination of 
the low-.resolution and high-resolution low-charge proce- 
dures. A procedure similar to low-resolution deconvolu- 
tion is used to determine charge state and a procedure 
similar to high-resolution deconvolution is used to 
transform the mass-to-charge ratio domain signal to the 
mass domain. The charge determination is performed 
the same way as in low-resolution charge state decon- 
volution in that the score is deJ~'ned as the logarithm of the 
signal to threshold ratio. However, instead of the signal 
magnitude at a particular calculated mass-to-charge 
ratio value, the maximum signal level within a user- 
defined range near that mass-to-charge ratio value is 
used to calculate the score. The user-defined range 
depends upon the mass accuracy of the instrument. 
Under the same instrumental conditions, this mass 
range is largely sample independent. Also, this scoring 
system avoids charge misassignment caused by instru- 
ment miscalibration and frequency shift in FT-ICR MS. 
Charge State Deconvolution of High-Resolution 
ESI Spectra from a Peak List (Stick Plot) 
The above procedures for deconvolution of high-reso- 
lution ESI mass-to-charge ratio spectra are capable of 
deconvolving very complex spectra. However, because 
some instrument miscalibration and FT-ICR frequency 
shift is inevitable, peak broadening or splitting is fre- 
quently observed in the mass domain spectrum pro- 
duced by adding contributions from w~rious charge 
states. Thus, it can be useful to deconvolve the spectrum 
from its peak list (stick plot) of maximum peak magni- 
tudes and mass-to-charge ratio values. 
Because all isotopic peaks are resolved in a high- 
resolution (e.g., FT-ICR) mass-to-charge ratio spectrum, 
it is easy to generate a peak list. If charge state decon- 
volution is performed from a stick plot, mass-domain 
peaks with mass differences within a specified (small) 
mass range can be treated as the same mass and added 
together, thus avoiding peak splitting in the final dis- 
play. In all examples described in the paper, a modular 
ICR data system [17] processed time-domain FT-ICR 
data into a peak list, from which charge state deconvo- 
lution proceeds as follows. 
(1) In the mass-to-charge ratio domain peak list, find 
the highest-magnitude p ak h. Determine the maxi- 
mum charge state as the reciprocal of the spacing 
between h and its nearest-neighbor peak. 
(2) A scoring scheme for stick-plot based deconvo- 
lution is described in Figure 3. As for the scheme used 
to deconvolve a raw high-resolution mass-to-charge 
ratio spectrum, different charge scoring schemes can be 
applied for low and high charge states. For low charge 
states, for which the charge can be accurately deter- 
mined from the separation between adjacent isotopic 
multiplet components alone, file charge state scoring 
scheme is as follows: (a) Assume a charge state, z, from 
lowest to highest possible charges. (b) From the as- 
sumed charge state z, calculate the mass-to-charge ratio 
values of the isotopic peaks 1 Da heavier than h 
[namely, (h+l/z)], and search for that peak in the 
spectrum. If the peak is found, the search continues for 
the next heaviest isotopic peak. The search stops when 
an isotopic peak is not found. Points are added for each 
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Peak List Based Charge State Scoring 
I Highest-abundance p ak in m/z peak list 
Low Charge State I High Charge State 
earch for isotopic peaks; Search for 
score increases for each isotopic peaks I 
isotopic peak found 
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/ 
For each isotopic peak, search for I 
peaks with same mass but differenl 
charge; score increases for each 
peak found 
Figure 3. Charge scoring scheme for stick-plot based spectrum 
deconvolution. 
isotopic peak found. The same procedure is also per- 
formed for isotopic peaks lighter than h. The criterion 
for finding an isotopic peak depends on peak width, 
and thus spectral resolution. The number of points 
added to the score depends on the proximity of the 
mass-to-charge ratio value of the found peak to the 
calculated mass-to-charge ratio, relative to the peak 
width. For the examples hown in this article, n points 
are added to the score for a mass difference below 1/n 
of the peak width at half height (1 ~< n -< 5). (c) Assume 
the next charge state and go back to step (a). 
If the charge state is high, the above scoring system 
may fail because several different charge choices may 
produce similar scores. In that case, the charge state is 
determined from the distribution of the charge state of 
the same mass. The following scoring scheme is used: 
(a) Assume a charge state z from the lowest to highest 
possible charges. (b) Search for all isotopic peaks ac- 
cording to the assumed charge state. If none are found, 
then the score for that charge is assigned as zero and the 
algorithm goes back to step (a) to evaluate the next 
possible charge state. (c) For all found isotopic peaks, 
search for peaks having the same mass but different 
charge over the entire mass-to-charge ratio spectral 
range. Points are added to the score for each peak 
found. The criterion for finding a peak with different 
charge depends on the (user-defined) mass tolerance, 
which in turn is determined by the mass accuracy of the 
instrument. The number of points added depends on 
the proximity of the peak to the calculated mass, 
relative to the mass tolerance (e.g., n points are added to 
the score for a mass difference below 1/n of the 
user-defined mass tolerance, n = 1 -< n -< 5). (d) 
Assume the next charge state and go back to step (a). 
(3) The charge state of h is determined by finding the 
charge with the highest score. Once the charge is deter- 
mined, the spacing between adjacent isotopic peaks can be 
calculated as the reciprocal of the charge. All isotopic 
peaks on both sides of the lxighest peak can thus be 
determined according to the calculated spacing between 
isotopic peaks. 
Table 1. Various scoring systems for charge state assignment 
Situat ion Scor ing we ight  factor  
Low reso lut ion 
High reso lut ion,  low z (i.e., 
spacing between isotopic  
peaks is large relat ive to 
mass accuracy) 
High resolution, high z (i.e., 
spacing between isotopic 
peaks is small relative to 
mass accuracy) 
High resolution peak list, low z 
High resolution peak list, high z 
log [l(z)/I o] 
log [ l( isotope)/ I  o] 
log [l(z)/I e] 
[FWHH/& m( isotope)]  
[FWHH/am(z)]  
Io: threshold level near the mass-to-charge ratio signal of interest. 
I(z): signal magnitude at expected mass-to-charge ratio of ion of mass 
m and charge z. 
/(isotope): signal magnitude at expected mass-to-charge ratio wdues of 
isotopic peaks. 
FWHH: full width at half-height of peaks near the expected mass-to- 
charge ratio values. 
&re(isotope): difference in mass-to-charge ratio between expected and 
measured mass-to-charge ratio values of an isotopic peak. 
Am(re~z): difference in mass-to-charge ratio between expected and 
measured mass-to-charge ratio values of the mass of interest at charge 
z. 
(4) Transform all isotopic peaks to the "zero-charge" 
mass domain, and add each peak magnitude to the 
prior value at (or within a user-selected tolerance of) the 
same mass. 
(5) Remove the transformed peaks from the original 
mass-to-charge ratio domain spectrum and go back to 
step 1. 
The two different scoring systems for high and low 
charge states could be combined (with user-defined 
weighting between the two) to derive a more reliable 
charge determination. However, such a combination 
may also require more computation time. Readers in- 
terested in utilizing the present algorithm may set their 
own rules for charge state scoring. For example, the 
methods described here do not rely heavily on peak 
magnitudes; a more reliable result might thus be ob- 
tained from a scoring system that depends more di- 
rectly on peak magnitude. 
Table 1 summarizes the above-described situations 
and their respective scoring systems. Three computer 
programs based on the above described methodologies 
have been written in ANSI C under LabWindows/CVI 
(National Instruments, Austin, TX) for Windows. One 
program is for low-resolution mass-to-charge ratio 
spectrum charge state deconvolution, one is for high- 
resolution deconvolution, and one is for high-resolution 
deconvolution based on a peak list (stick plot) of the 
mass-to-charge ratio spectrum. These programs will be 
combined with our modular FT-ICR data system [17], 
and made available publicly. 
Experimental 
All ES1 FT-ICR mass-to-charge ratio spectra were ac- 
quired with a homebuilt FT-ICR mass spectrometer 
incorporating a passively shielded 9.4 tesla supercon- 
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Figure 4. Deconvolution (right) of both low (top) and high 
(bottom) resolution ESI FT-ICR mass spectra (left) of a mixture of 
three proteins, n proton masses have been subtracted from each 
(M ~nH)" + ion to yield the corresponding zero-charge mass in the 
deconvo~ved spectrum. Note the complete resolution of the isoto- 
pic distribution for myoglobin. 
ductive magnet, and equipped with a homebuilt exter- 
nal electrospray interface described elsewhere [15]. Bo- 
vine ubiquitin, horse heart cytochrome c, horse 
myoglobin, bovine carbonic anhydrase, and pepsin 
were  purchased from Sigma (St. Louis, MO). Human 
recombinant [C22A, D100A] FK506-binding protein 
was provided by Ming Li and Timotlhy M. Logan at 
Florida State University and the c~-subunit of RNA 
polymerase was furnished by Reiko Koike and Claude 
F. Meares at the University of California, Davis. Peptic 
digestion of [C22A, D100A] FKBP was carried out for 3 
min at a 1:1 substrate-to-enzyme ratio. Both the c~-sub- 
unit of RNA polymerase and the peptic digest of [C22A, 
D100A] FKBP were analyzed by online desalting/ESI 
FT-ICR MS [18]. Nozzle/skimmer dissociation of bo- 
vine carbonic anhydrase has been described e lsewhere  
[15]. 
Results and Discussion 
Figure 4 (top left) shows a low-resolution ESI FT-ICR 
mass-to-charge ratio spectrum of a mixture of three 
protein's (bovine ubiquitin, horse cytochrome c, and 
horse inyoglobin, each 10 /xM). This spectrum was 
acquired with the 9.4-tesla ESI FT-ICR mass spectrom- 
eter, from 16K time-domain data. The number of time- 
domain data points was kept small so as to yield a 
low-resolution mass spectrum (resolving power, 
m/Am~o,~, ; .  ~ 2000, in which m is ion mass and Ams0,~,, 
is the magnitude-mode peak full width at half-maxi- 
mum peak height). Figure 4 (top right) shows the same 
spectrum, after charge state deconvolution (see Meth- 
ods) to yield the "zero-charge" mass spectrum. In the 
original spectrum (top left), it is relatively easy to 
identify the various charge states of myoglobin, due to 
Original m/z Spectrum 
I Nozzle/Skimmer Dissociation 
1 J L Bovine Carbonic Anhydrase 
1000 1200 1400 1600 1800 
m/z 
M 
"Zero-Charge" ,lttijl, ' ' j  "~  
. . . s .o , rum 
J, I 29610 29620 29630 29640 I 
6000 10000 15000 20000 25000 30000 
° :.,I l,, ..... 
y61 I 7580 7590 7600 7610 y76 
• Ly,62, Ly63. j y66y69 yo y71 J 
7200 7600 8000 8400 8800 
b135--4__ lb192 
/ II ~" - -~,  b183 b191 
/ II II m~a 
i6200i5300i5320 
16000 18000 20000 22000 
Mass 
Figure 5. Nozzle/skimmer dissociation FT-ICR mass spectra of 
electrosprayed bovine carbonic anhydrase before (top) and after 
(2nd pahel) charge state deconvolution. The 3rd and 4th panels 
magnify two different mass segments of the deconvolved "zero- 
charge" mass spectrum. 
its high relative abundance, but the charge state distri- 
butions of cytochrome c and ubiquitin are much less 
obvious. Charge state deconvolution yields a much 
simpler spectrum, from which the masses of the three 
component proteins are identified by inspection• The 
inset in the top-right spectrum shows a mass scale 
expansion of the myoglobin spectral segment. 
Figure 4 (bottom) shows the original and decon- 
volved high-resolution (m/&mso,~ ' ~ 60,000) ESI FT- 
ICR mass-to-charge ratio spectra of the same protein 
mixture, based on 256K Haruling-apodized time-do- 
main data padded with another 256K of zeroes before 
Fourier transformation. Deconvolution of the original 
spectrum with the high-resolution, low-charge proce- 
dure yielded the spectrum shown in Figure 4 (bottom 
right), clearly showing the three species. A mass scale 
expansion of the myoglobin spectral segment shows the 
baseline-resolved isotopic distribution. 
A major advantage of ZSCORE for charge state decon- 
volution of high-resolution ESI mass-to-charge ratio 
spectra is its ability to handle automatically complex 
mixtures, such as protein fragments. Figure 5 shows the 
original and deconvolved nozzle/skimmer dissociation 
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fragment spectra of bovine carbonic anhydrase [15]. The 
top spectrum is the original mass-to-charge ratio do- 
main spectrum of the complex dissociation products of 
carbonic anhydrase. Assignment of charge states for 
these peaks manually is feasible, but tedious, whereas 
ZSCORE does the job in 15 s. The second panel of Figure 
5 shows the full range "zero-charge" mass spectrum, in 
which the inset shows the molecular ion region of 
carbonic anhydrase, with clearly resolved isotopic 
peaks and uniform separation of 1 u between adjacent 
peaks in the isotopic distribution. The third panel 
shows the deconvolved "zero-charge" mass spectrum 
from 7000 to 8800 u in which nine C-terminal ("Y") 
fragment ions are readily identified. The inset of the 
third panel shows the segment containing the y67 
fragment and its water loss fragment. The bottom panel 
of Figure 5 shows the region from 15,000 to 22,000 u, 
exhibiting a series of N-terminal ("B") fragment ions. 
For a complex spectrum such as that in Figure 5, 
some artifact peaks may be produced by ZSCORE due to 
spectral noise and/or  weak signals. For example, the 
two small peaks to the left and right of the molecular 
ion peak are probably caused by wrong charge assign- 
ment of two very low-abundance molecular ion peaks. 
If the charge is high and signal-to-noise ratio is low, 
ZSCORE (or any other algorithm based on isotope dis- 
tribution) may yield an incorrect charge assignment. 
Another source of artifact peaks is due to spectral noise. 
Those artifact peaks may usually be recognized from 
their inappropriate isotopic distributions. For example, 
to the left of the b135 fragment peaks there is another 
peak higher in magnitude than b135 (bottom panel of 
Figure 5). However, a mass-scale zoom of this region 
(inset in bottom panel), reveals that the peaks to the left 
of b135 have an impossible isotopic distribution, con- 
firming that those peaks probably arise from noise in 
the original spectrum. Attempts to deconvolve the 
complex high resolution spectrum shown in Figure 5 
with several existing deconvolution algorithms was not 
successful (M. W. Senko, personal communication). 
The ZSCORE procedure can successfully deconvolve 
the high-resolution ESI mass spectrum of a complex 
mixture automatically, even when two or more species 
overlap in mass-to-charge ratio (see Figure 2). However, 
for complex spectra, the procedure may take a few 
minutes on a Pentium Pro computer. A faster alterna- 
tive is first to generate a stick-plot mass spectrum (i.e., 
the maximum abundance and mass of each resolved 
peak), and then determine charge state and spectrum 
deconvolution from the stick-plot mass spectrum. From 
the stick plot, charge state deconvolution can typically 
be completed in less than 1 s with a Pentium Pro 
computer. The stick-plot approach may be preferable in 
analyzing a large number of spectra (as in LC/MS) 
and/or  for spectra of relatively high signal-to-noise 
ratio. 
Another kind of mixture analysis is illustrated in 
Figure 6, which shows the mass spectrum of the pep- 
tides generated by peptic digestion of a double mutant 
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Figure 6. Top: ESI FT-ICR stick-plot mass pectra from a peptic 
digest of [C22A, D100A] FK506-binding protein before (left) and 
after (right) charge state deconvolution. Bottom: A mass scale- 
expanded segment of the spectra, before (left) and after (right) 
charge state deconvolution. Note the direct identification ofnu- 
merous internal peptide cleavage fragments. 
[C22A, D100A] of human recombinant FK506-binding 
protein. Figure 6 (top left) is a stick-plot representation 
of the original ESI FT-ICR mass spectrum, containing 
peptides of various charge states. After charge state 
deconvolution (top right), it becomes possible to iden- 
tify various internal peptide fragments. The capability 
of ZSCORE to handle overlapped isotopic distributions i
demonstrated by the (640 < m/z < 642) spectral 
segment (Figure 6, bottom left), showing the overlap of 
peptides of more than one charge state. Charge state 
deconvolution of that mass spectral segment reveals the 
presence of a triply charged and a quadruply charged 
species (Figure 6, bottom right). 
The high speed of the stick-plot based deconvolution 
algorithm makes it ideal for batch processing of LC/MS 
spectra. We have used the stick-plot based charge state 
deconvolution procedure to analyze thousands of LC/ 
ESI FT-ICR mass spectra, and virtually all gave cor- 
rectly deconvolved spectra. 
Figure 7 (top left) is a stick-plot representation f the 
high-resolution ESI FT-ICR mass spectrum of the three- 
component protein mixture shown in Figure 4 (bottom 
left). Charge state deconvolution of the stick-plot spec- 
trum generates the stick-plot zero-charge mass spec- 
trum shown in Figure 7 (top right). Thai: spectrum is 
very similar to the mass spectrum generated from the 
full data (Figure 4, bottom right) but required much less 
computation time. 
Besides less computation time, conserw~tion f spec- 
tral resolution is another advantage of stick-plot based 
deconvolution. Due to the instrument miscalibration 
and/or  mass-dependent FT-ICR frequency shifts, the 
mass determined from different charge states may vary. 
Thus, zero-charge mass spectral contributions deter- 
mined from different charge states may not line up 
exactly when added together, esulting in broadened or 
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Figure 7. Top: deconvolution of a high-resolution ESI FT-1CR 
mass spectrum (stick-plot display) of a mixture of three proteins. 
Bottom left: cytochrome c segment of the deconvolved spectrum 
based on the raw spectral data from Figure 4, bottom. Bottom 
right: cytochrome c region of the deconvolved spectrum based on 
a stick-plot display, from which the isotopic distribution is more 
easily identified. 
even split peaks in the final zero-charge mass spectrum 
(Figure 7, bottom left). However, from the zero-charge 
stick-plot representation, we may combine the signals 
from very closely spaced "sticks" to yield a nicely 
resolved zero-charge mass spectrum of the type shown 
in Figure 7 (bottom right). For example, for the data of 
Figure 7, a maximum mass difference of ~15 ppm is 
quickly recognized as arising from miscalibration or 
frequency shift, and disappears when the component 
peaks are combined. 
Figure 8 shows the ESI FT-ICR mass-to-charge ratio 
spectrum of the c~-subunit of RNA polymerase (top) 
and its charge state deconvolved "zero-charge" mass 
spectra (middle, bottom). Charge state assignment 
based on charge distribution yields accurate charge 
assignments for each of the major peaks. In fact, this 
protein is among the purest we have analyzed, with 
virtually no detectable peaks except for the intact mol- 
ecule in the zero-charge mass spectrum (Figure 8, 
middle). The zero-charge mass spectrum thus offers an 
excellent measure of sample purity. Note that a few 
small peaks are observed in the original spectrum 
between peaks of assigned charges. These peaks corre- 
spond to the protein dimer. The dimer peaks with even 
charge states overlap exactly with the monomer peaks. 
When peaks with different masses overlap exactly, 
ZSCORE may not give reliable charge assignment, which 
is the major limitation of the ZSCORE algorithm. How- 
ever, in this case, because the dimer peaks are very 
weak, we chose to ignore them by setting the maximum 
mass to be ~50 kDa. Finally, although signal-to-noise 
ratio is improved by combining the data from different 
charge states, mass resolving power is thereby some- 
what reduced, due to instrument miscalibration or 
FT-ICR frequency shifts noted in the discussion of 
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Figure 8. ESI FT-ICR mass spectrum of the c~-subunit of RNA 
polymerase before (top) and after (middle, bottom) charge state 
deconvolution. Even at ~36,000 Da, it is possible to resolve the 
isotopic distribution of the intact enzyme subunit. 
Figure 7. For the data of Figure 8, the isotopic distribu- 
tion of any one charge state is baseline resolved (not 
shown), whereas mass resolution for the combined 
zero-charge spectrum Figure 8 (bottom) is somewhat 
degraded by -5  ppm differences in mass determined 
from different charge states. 
The presently proposed charge state deconvolution 
algorithm is not foolproof (as is the case with any other 
algorithm). First, the present algorithm fails if isotopic 
peaks of two species overlap exactly; thus, the method 
works best for ultrahigh-resolution ESI mass spectra 
provided by FT-ICR. Second, charge determination 
based on the separations of isotopic peaks can fail for 
highly charged ions. For example, for ions with 30 
charges, a 1%-2% variation in the spacing of isotopic 
peaks will lead to erroneous charge state assignment. 
Fortunately, highly charged ions usually exhibit a wide 
distribution of charge states, and combination of the 
results from many charge states helps to reduce errors 
in charge state assignment. If the original spectrum has 
a very low signal-to-noise ratio (e.g., less than ~1.5), 
ZSCORE will not find peaks buried by noise, whereas 
some existing algorithms may find such peaks [10]. 
However, those algorithms may also introduce spuri- 
ous peaks and ov,erinterpret the spectrum. 
Conclusions 
ZSCORE is an automated algorithm for charge state 
deconvolution of both low- and high-resolution ESI 
mass spectra. Although in some cases some user-de- 
fined parameters are used, their major role is to reduce 
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the computation time. For example, for deconvolution 
of a low-resolution spectrum, a user-defined maximum 
mass is used to determine the maximum charge state. 
For deconvolution of a high-resolution high-charge 
spectrum, a user-defined mass tolerance is needed. 
However, the mass tolerance depends only on instru- 
ment conditions and is sample independent. A user- 
defined signal-to-noise ratio threshold (typically -2 )  
was applied to all deconvolutions toavoid spending too 
much time deconvolving noise. For low-charge ions in a 
high-resolution spectrum, that threshold may be low- 
ered. However, if the signal-to-noise ratio threshold is 
set too low, charge determination may not be very 
reliable; various noise peaks will be converted into 
zero-charge mass peaks; and computation time will be 
unnecessarily long. The key point is that these user- 
defined parameters are defined prior to any knowledge 
of the spectrum, so that no user input is needed uring the 
deconvolution process. 
For low-resolution spectra, the advantages of ZSCORE 
over most other commercial software are as follows. (a) 
Because the ZSCORE algorithm is automated (no user 
interaction is needed during the deconvolution pro- 
cess), it is fast (<1 s on a Pentium Pro Computer); (b) 
mixtures are accommodated automatically (as long as 
all of the isotope multiplets are resolved); and (c) it 
eliminates artifact peaks as in Mann's method [7], 
without introducing peak distortion as in Hagen and 
Monnig's method [10]. For high-resolution spectra, 
ZSCORE can automatically analyze a spectrum of a very 
complex mixture, even if isotopic distributions overlap, 
as along as all isotopic peaks are resolved. Charge state 
deconvolution of a high-resolution ESI FF-ICR spectrum 
with a Pentium Pro computer equires seconds to min- 
utes, depending on the number of peaks present in the 
spectrum. Stick-plot based deconvolution usually requires 
less than 1 s. The zero-charge mass spectrum should 
prove especially valuable for identifying contaminants, 
because the spectrum is free of the multiple signals 
arising from multiple charge states in the original ESI 
FT-ICR mass spectrum. Finally, for either low- or high- 
resolution spectra, ZSCORE'S automated operation 
makes it ideally suited for processing a large number of 
spectra at the same time, as for LC/MS experiments. 
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